If the excess events from the CoGeNT experiment arise from elastic scatterings of a light dark matter off the nuclei, crossing symmetry implies non-vanishing annihilation cross-sections of the light dark matter into hadronic final states inside the galactic halo, which we confront with the anti-proton spectrum measured by the PAMELA collaboration. We consider two types of effective interactions between the dark matter and the quarks: 1) contact interactions from integrating out heavy particles and 2) long-range interactions due to the electromagnetic properties of the dark matter. The lack of excess in the anti-proton spectrum results in tensions for a scalar and, to a less extent, a vector dark matter interacting with the quarks through the Higgs portal.
I. INTRODUCTION
In recent years we have witnessed a plethora of experimental anomalies in both direct and indirect detection experiments in search of the dark matter (DM). For example, the direct detection experiment DAMA [1] observed signals of annual modulations consistent with that expected from dark matter scattering off the nuclei, while the CDMS collaboration announced two candidate events for detection of dark matter [2] . More recently, the CoGeNT experiment [3] released results containing signal events suggestive of a light dark matter in the range of 7 -12 GeV. On the other hand, several collaborations in indirect detections reported excessive fluxes of electrons/positrons and photons, such as the PAMELA [4] , the ATIC [5] , the Fermi LAT [6] , the HESS [7] , and the WMAP [8] , which may not be explained away easily by conventional astrophysical sources.
In order to understand whether these experimental excesses are indeed the prelude to a discovery of the dark matter, it is crucial to cross-check dark matter interpretations of these empirical anomalies against one another. One possibility is to construct a unified theory explaining all these signal events [9] . Another is to confront the events with constraints from measurements which do not see any excess, one example of which is the anti-proton spectrum measured also by the PAMELA [10] . While this has been generally been studied for Dirac DM with a contact interaction [11] and specifically for 10 GeV DM [12] , In this work we propose to study the consistency of the CoGeNT signals with the anti-proton spectrum of PAMELA within the context of generic effective interactions between DM and quarks.
If the signal events in various direct detection experiments are due to elastic scatterings of the dark matter off the nuclei, which arise from the dark matter interaction with the quarks, then crossing symmetry implies the same interactions must also give rise to annihilations of dark matter into quarks. This argument has been used to constrain the boost factor [13] necessary to explain the electron/positron excess in the PAMELA, using the updated limits from the CDMS [11] . Another example studied the implication of various direct detection bounds on the anti-deuteron flux from hadronic annihilations of the dark matter [14] .
Theoretically, the light ( 7 -12 GeV) dark matter interpretation of the CoGeNT offers a unique opportunity for a model-independent study. Since such a mass scale is far below the electroweak scale, it seems reasonable to assume that any degrees of freedom mediating the dark matter interactions with the standard model particles have masses much heavier than that of the dark matter.
1 Hence at energy scales relevant for the elastic scattering of dark matter with the nucleons and the dark matter annihilations into quarks, these "mediator particles" can be integrated out and the interactions could be approximated by higher dimensional operators. The resulting effective interactions can be either contact interactions, when the mediator particle interacts with the quarks, or long range in nature, when the mediator particle interacts with the photon.
By combining the PAMELA anti-proton spectrum and the putative CoGeNT signal, we find that contact interactions of a scalar or vector dark matter, arising from a heavy mediator particle with Yukawa-like interactions with quarks, is the most severely constrained. These constraints apply to models with a light scalar dark matter which interacts with the standard model through the Higgs portal [16] . Cases of fermionic dark matter with an electromagnetic charge form factor coupling or magnetic moment coupling also exhibit tension with these data, but to a lesser degree. Previous studies on properties of the dark matter using higher dimensional contact interactions can be found in Refs. [17, 18] .
This work is organized as follows: we first classify the effective interactions relevant for this study in Section II. Expressions for the scattering and annihilation cross-sections are given in Section III. Then we present the results in Section IV, followed by the conclusion.
II. CLASSIFICATION OF EFFECTIVE INTERACTIONS
There are two possibilities for the dark matter effective interactions upon integrating out the heavy degrees of freedom: the mediator particle could induce either direct contact interactions between the dark matter and the quarks or electromagnetic interactions of the dark matter, which would then interact with the quarks through the photon.
We are interested in operators which could serve as the leading order contribution to both the spin-independent (SI) scattering cross-sections in direct detections and the annihilation cross-sections in indirect detections. Since both the scattering and the annihilation processes are non-relativistic, we will focus on operators that are not suppressed by the velocity of either the dark matter or the nucleon. For indirect detections this implies we only consider s-wave annihilations. The list of operators satisfying the above two conditions turn out to be quite short, as we explain below.
A. Contact Interactions
The quark bilinears contributing to the SI elastic scattering without velocity suppressions have only two forms [14, 19, 20] :qγ µ q andqq, where the second bilinear violates the chiral symmetry and will dominate only when the first contribution is absent. Much of what appears below can be found in Refs. [14, 17, 19, 20] .
• For a scalar dark matter φ the only operator utilizes theqq bilinear:
The factor 2m φ mimics a similar flux normalization in the non-relativistic limit as in the case of fermionic dark matter. In this way, a universal expression for SI crosssections can be given in the following section. However, with this particular normalization, the parameter Λ s may not directly reflect the underlying short distance scale.
Their relation requires further knowledge of the short distance physics involved. If the dark matter is a real scalar, simply replace |φ| 2 → φ 2 . The operator that invokesqγ µ q bilinear, φ * ∂ ↔ µ φqγ µ q, only leads to p-wave annihilations 2 .
• For a fermionic dark matter χ, there is only one operator contributing to both SI scattering and s-wave annihilation without velocity suppression:
hereafter referred to as the Dirac contact model. Note that this operator only applies to a Dirac fermion, otherwise it is exactly zero for a Majorana fermion. Two operators contributing to the SI scattering,χγ 5 χqq andχγ µ γ 5 χqγ µ q, are velocity-suppressed, while the operator,χχqq, only annihilates through p-wave.
• For a vector dark matter B ′ µ , again there is only one operators:
2 The operator, ∂ µ (φ * φ)qγ µ q, vanishes by the equation of motion upon integration by parts.
The discussion for a vector dark matter is identical to that of a scalar dark matter, as O v and O s are quite similar. In addition, the other two operators contributing to SI 
B. Electromagnetic Interactions
Here we assume the dark matter is a Dirac fermion and consider the possibility that the dark matter may possess electromagnetic multipole moments or a charge form factor [21] [22] [23] [24] , giving rise to interactions with the quarks through the photon. At dimension-five level, the electric dipole moment (EDM) and the magnetic dipole moment (MDM) are
It turns out the operator O E annihilates through the p-wave, which can be seen by considering the charge conjugation (C) and parity (P ) properties as follows [14] :
• The C and P properties of an initial state with two fermions are given by C = (−1)
L+S
and P = (−1) L+1 , while those of the fermion bilinearχσ µν γ 5 χ are C = −1 and
ν , where (−1) µ = +1 for µ = 0 and −1 for µ = 1, 2, 3. The s-wave (L = 0) annihilation requires P = −1, which together with C = −1 of the bilinear determines the initial state to be in the S = 1 and J = L + S = 1 state.
• The condition P = −1 for the s-wave and the identity σ 00 = 0 select the σ ij γ 5 components of the fermion bilinear, which in turn single out the F ij components of the field strength tensor. However, in momentum space F ij are proportional to the 3-momentum of the virtual photon, which is zero in the centre-of-mass frame. Therefore the annihilation must occur through the p-wave state.
At dimension-six level there are the charge form factor (CFF) operator and the anapole operator (A):
Note that other forms constructed from the field strength dual are zero because of the absence of magnetic monopole current ∂ ν F µν = 0. The operator O C gives rise to a Feynman vertexχγ µ χ with the form factor G χ (q 2 ), parametrized in Ref. [22] as
which vanishes as q 2 → 0 as required by that the neutrality of the dark matter. Using the equation of motion, ∂ ν F µν = e q eγ µ q, we can turn O C and O A into contact interactions,
Then O A gives rise to velocity-suppressed SI cross-sections and need not be considered further.
To summarize, in this category we only consider two operators: O M and O C .
III. CROSS-SECTIONS
Here we collect the formulas for the cross-sections relevant for the direct detection experiments such as CoGeNT and the indirect detection experiments such as the PAMELA, listed by the operators discussed in Section II.
A. Direct Detections
For contact interactions, the SI cross-section of elastic dark matter-nucleus scattering can be written as
where δ m = 4 if the dark matter is a self-conjugated field, such as a real scalar, a Majorana fermion, or a real vector field, while δ m = 1 in other cases. The factor of 4 originates from two equivalent Wick contractions with the initial and final states when the dark matter is self-conjugate. Also m r is the reduced mass of the dark matter-nucleus system, A and Z are the atomic mass and atomic number of the target nuclei, respectively, and f n,p are the effective couplings of the dark matter to the proton and the neutron.
With our choice of normalization for the couplings in Eqs. (1-3), we can write
In Eq. (9) Universal : f n = 14.56
Non − universal : f n = 1.91 × 10
The actual cross-section including the nuclear form factor effect can be written in terms
where 0 < q 2 < (2m r v r ) 2 . Here v r is the relative velocity between the dark matter and the target nuclei. The nuclear recoil energy E r is related to q 2 = 2m N E r . Notice that σ 0 is the number that is usually quoted in direct detection experiments. For the MDM contribution, we use the result and the notation from Ref. [22] :
Because of the long range interaction, σ 0 as defined in Eq. (14) is divergent and one must compare the nuclear recoil energy with experiments directly. In Eq. (15) 
where a 0 = 2.9 GeV 
B. Indirect Detection
The thermally averaged annihilation cross-sections for the effective operators into hadronic states in the non-relativistic v → 0 limit are given by
where the values of a i and b i are listed in Table IV . The color factor N c is 3 for the quark.
Notice that the annihilation cross-section for the vector dark matter is one third of that for the scalar dark matter. However, the relevant annihilation cross-section for the thermal relic abundance and the annihilation rate in the galaxy is not (σv) an ; instead it is
where δ b = 1/2 if the dark matter is a complex field, such as the complex scalar or the Dirac fermion, and 1 otherwise [27] . The factor of 1/2 accounts for the fact that only two out of the four possible annihilation channels are non-zero (χχ andχχ but not χχ andχχ.)
It is worth commenting that δ m is common in Eq. (8) and in Eq. (17) . Therefore the annihilation rate predicted from crossing symmetry, using the measured elastic scattering cross-section, for a complex dark matter is a factor of δ b = 1/2 smaller than that from a self-conjugate dark matter. Hence we only focus on the case of real dark matter when presenting our results in Section IV.
For the annihilation intovia the MDM operator, simply make the following replacement in Eq. (17):
Also for O M the annihilation formula is a good approximation if m DM ≪ m Z , which is the case of interest for CoGeNT results. 
IV. RESULTS
Due to crossing symmetry, the possible dark matter scattering signal may be converted into a possible dark matter annihilation signal and vice versa [11] , if we assume both signals originate from the same interaction. This allows one to map, using a well defined model or effective interaction, the scattering cross-section measured by direct detection experiments such as CoGeNT or XENON into a region in the plane of the dark matter annihilation crosssection. Since dark matter-nucleon scattering occurs via quarks, crossing symmetry allows one to compute the corresponding annihilation cross-section into hadronic final states. We follow this procedure to obtain the prediction of (σv) an for all models we consider. Special care must be taken for the MDM model, where the non-standard q 2 dependence requires us to explicitly fit the CoGeNT recoil spectrum [22] .
The annihilation into quarks can imprint features onto thep/p spectra as measured by the satellite PAMELA [10] . Thep/p spectrum measured by PAMELA in the 1-100 GeV range with 500 days of running shows no significant deviation from the background expected from astrophysical cosmic ray sources. This agreement with the expected background can serve to limit the total annihilation rate of dark matter to hadronic final states [29] .
It is important to emphasize that there are large uncertainties in the total flux of cosmogenic anti-protons due to the variations in thep propagation model. We adopt three propagation models that give the maximal, median and minimalp flux compatible with an analysis of the Boron to Carbon ratio found in cosmic rays, and are denoted MAX, MED and MIN, respectively. Therefore, these three models can be viewed as a measure of the uncertainty of thep flux due to the propagation model. The details of the anti-proton propagation model are specified in Ref. [30] , with the MAX, MED, and MIN scenarios defined in its Table . Further details related to these propagation models appear in Refs. [31, 32] .
To compute thep/p and apply the PAMELA constraint, we adopt the analysis given in
Ref. [33] and include the effect of charge dependent solar modulation described in Ref. [32] .
In Fig. 1 , we show the PAMELAp/p ratio data along with the spectra of injectedp due to annihilations of a 10 GeV dark matter with a total cross section of (σv) an = 1 pb, assuming equal coupling to all quarks and the Navarro-Frenk-White DM halo profile [34] . We illustrate the effect solar modulation has by comparing the no modulation case, φ = 0 MV, and modulation representative of the solar minimum, φ = 500 MV, when the PAMELA data was acquired. It is evident the uncertainty from the propagation model manifests a large range ofp flux, spanning more than an order of magnitude.
Given a particular propagation model, the total hadronic annihilation rate can be constrained. In Fig. 2 , we present this as colored regions which are constrained with the PAMELA data at the 90% C.L. for solar modulation potentials of φ = 0 MV and φ = 500
MV. In addition, we show the four largest hadronic annihilation cross-sections, (σv) an , that are predicted from operators discussed in Section II that could explain the putative CoGeNT signal. The contoured regions of the three models, namely the non-universal scalar (solid black) model, the non-universal vector (dotted blue) model, and the charge form factor operator (dashed green) are obtained at 90% C.L. by translating the constraint given by
CoGeNT in Ref. [3] . On the other hand, the contoured region of the MDM (dot-dashed purple) is obtained as outlined in Ref. [22] by fitting the recoil energy distribution of the excess events in CoGeNT, allowing χ One can easily invert the dark matter annihilation cross-section to arrive at the scale of the effective interactions defined in Section II. In Fig. 3 , we show this scale, Λ eff , which is equivalent to Λ M for the MDM case and Λ s,v,f with c s,v,f = 1 andc s,v = 1 for the other models we consider. The value of Λ eff is directly related to the mass scale of the mediator particle, except for the scalar and vector cases as the dark matter mass is included in the normalization of the operators in Eqs. (1) and (3). In these cases the relation is dependent on the underlying short distance physics. Most of the models are at the TeV scale or greater with the exception of the non-universal models. This is caused by the Yukawa suppression in the scattering cross section, requiring a lighter exchange state to provide the requisite scattering rate. Non-universal scalar interactions could arise from short distance models where the mediator particle is Higgs-like. Examples of such models which attempt to explain the CoGeNT signals can be found in Ref. [16] . In models where the dark matter is a complex singlet scalar, there is often mixing between CP-even scalars in the singlet and the Higgs doublet. It can be verified explicitly that such mixing does not alleviate the tension between the CoGeNT and PAMELA data. Furthermore, when one of the mass eigenstates of the CP-even scalars has a light mass not too far from that of the dark matter, the dark matter pair-annihilation through the mediator particles would be enhanced depending on the width of the mediator particles, making the PAMELA observation even more constraining. Therefore, if the MIN model does not modelp propagation correctly, our study suggests extra ingredients may be necessary for these models to explain the CoGeNT signals without being constrained by the anti-proton measurements of PAMELA.
